Insulin-stimulated glucose uptake is increased in white but not red muscle of insulin-resistant high-fat-fed (HF) rats after administration of the AMP-activated protein kinase (AMPK) activator 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR). To investigate whether a lesser AICAR effect on glucose uptake in red muscle was offset by a greater effect on fatty acid (FA) uptake, we examined acute effects of AICAR on muscle glucose and FA fluxes in HF rats. HF rats received AICAR (250 mg/kg) subcutaneously. At 30 min, a mixture of either 3 H-(R)-2-bromopalmitate/ 14 C-palmitate or 3 H-2-deoxyglucose/ 14 C-glucose was administered intravenously to assess muscle FA and glucose uptake. AICAR decreased plasma levels of glucose (ϳ25%), insulin (ϳ 60%), and FAs (ϳ30%) at various times over the next 46 min (P < 0.05 vs. controls). In white muscle, AICAR increased both FA (2.4-fold) and glucose uptake (4.9-fold), associated with increased glycogen synthesis (6-fold). These effects were not observed in red muscle. We conclude that both glucose and FA fluxes are enhanced by AICAR more in white versus red muscle, consistent with the relative degree of activation of AMPK. Therefore, a lesser effect of AICAR to alleviate muscle insulin resistance in red versus white muscle is not explained by a relatively greater effect on FA uptake in the red muscle.
R
ecent evidence suggests that AMP-activated protein kinase (AMPK) is involved in mediating metabolic responses of muscle to exercise (1, 2) . During muscle contraction, AMPK is activated by an elevation in the AMP-to-ATP ratio as a result of ATP depletion (3) . Activated AMPK inhibits acetyl-CoA carboxylase and stimulates malonyl-CoA decarboxylase (4), thus decreasing malonyl-CoA content. Reduction in malonylCoA diminishes the inhibition of carnitine palmitoyltransferase-1, allowing fatty acid (FA) entry into mitochondria for oxidation. In addition, AMPK mediates an increase in glucose uptake by stimulating GLUT4 translocation to the plasma membrane (5) .
AMPK can also be activated pharmacologically by the AMP analog 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) independent of changes in the AMPto-ATP ratio (6) . This offers a useful tool to investigate AMPK-mediated metabolic changes in vivo, particularly in muscle, where its action on hexose transport is specific to AMPK activation (7) . We have recently shown that administration of AICAR to insulin-resistant high-fat-fed (HF) rats results in an enhancement of insulin-stimulated glucose uptake in muscle 24 h later (8) . This enhanced insulin action was more apparent in white than in red muscle. AICAR-related effects on muscle glucose uptake were present after acute AICAR-stimulated AMPK activity had declined, and we postulated that effects may be due in part to different muscle type-specific effects of AICAR to regulate glucose and lipid metabolism in this model. AICAR has been reported to preferentially increase glucose uptake in white versus red muscle (9) , although the relative effects on fatty acid uptake are not known. If AICAR had a relatively greater effect to enhance FA uptake in red muscle, then it might partly offset a lesser effect on glucose uptake in this tissue. In addition, if enhanced FA uptake increased cytosolic lipid accumulation, a factor associated with insulin resistance (10) , then it would help to explain subsequent differential effects on insulin sensitivity in red versus white muscle in our insulin-resistant model. Therefore, the aim of the present study was to investigate the acute effects of AICAR on lipid and glucose metabolism in muscle of HF rats and possible links to enhanced insulin action as demonstrated previously (8) . The study used [9,10- 3 H](R)-2-bromopalmitate ( 3 H-R-BrP) tracer in combination with 14 C-palmitate to determine the uptake and fate of FAs. In separate experiments, a combination of 2-deoxy-D-(2,6-3 H)-glucose (2DG) and 14 C-glucose was used to assess the effects on glucose metabolism in muscle under the same conditions.
RESEARCH DESIGN AND METHODS
Male Wistar rats (ϳ300 g) purchased from the Animal Resources Centre (Perth, Australia) were used for the study. All experimental procedures were approved by the Animal Experimentation Ethics Committee (Garvan Institute/ St. Vincent's Hospital) and were in accordance with the National Health and Medical Research Council of Australia Guidelines on Animal Experimentation. The animals were housed at 22 Ϯ 0.5°C with a 12/12-h day/night cycle (lights on at 0600) and fed a standard diet (Rat maintenance diet; Gordons Specialty Feeds, Sydney, Australia) ad libitum for 1 week. After this acclimatization, they were fed an isocaloric high-fat diet (350 kJ/day given at 1600) for 3 weeks. The nutrient composition of the fat diet expressed as a percentage of energy content was as follows: 59% fat, 20% carbohydrate, and 21% protein, with equal quantities of fiber, vitamins, and minerals as in the rat maintenance diet (11) . One week before the study, the right jugular vein and left carotid artery were cannulated under general anesthesia (halothane). Catheters were exteriorized at the back of the neck to allow easy access. After the surgery, animals were handled daily to minimize stress, and only those that at least regained presurgery body weight were used for experiments.
The experiments were performed under conscious conditions in the postprandial period (3-5 h after food removal). After catheters were connected to blood sampling and tracer administration syringes, the rats were allowed to rest for 40 -50 min. After basal (time 0) blood samples were taken, the animals were randomly assigned to receive a subcutaneous injection of either AICAR (250 mg/kg in saline; Sigma, St. Louis, MO) or an equivalent volume of normal saline as control. Blood samples were collected at 10, 20, 30, and 46 min. Plasma was separated by centrifugation to measure circulating concentrations of glucose, insulin, FAs, and lactate. Blood cells were resuspended in saline and returned to the animal. At 30 min, both control and AICAR-treated animals were divided into two groups. One group received a 4-min intravenous infusion of mixed FA tracers, consisting of 3 H-R-BrP (supplied by AstraZeneca, Mö ndal, Sweden) and 14 C-palmitate (purchased from Amersham Pharmaceutical Biosciences, Little Chalfont, U.K.). Arterial plasma samples (0.2 ml) were collected at 1, 2, 3, 4, 5, 6, 8, 12 and 16 min after the start of tracer administration, to determine the tracer disappearance rate (12) . The other group of rats were administered with a bolus of mixed glucose tracers consisting of 2DG and 14 C-glucose (Amersham Pharmaceutical Biosciences). For directly comparing both FA and glucose uptake at the same time, plasma samples were also collected at 1, 2, 3, 4, 5, 6, 8, 12, and 16 min after glucose tracer administration. After the last sample, rats were anesthetized with pentobarbital. Red and white quadriceps muscles were immediately removed, freeze clamped with aluminum tongs precooled in liquid nitrogen, and stored at Ϫ80°C for subsequent analysis. Determination of plasma tracer concentration. Plasma activities of 3 H-R-BrP and 14 C-palmitate were separated from total 3 H and 14 C at each time point, using an initial acid lipid extraction with a mixture of isopropanolhexane-0.5 mol/l H 2 SO 4 (40:10:1) followed by a polarity separation step under alkaline conditions. This procedure partitions esterified FAs into a hexane phase and FAs in anionic form (including the 3 H-R-BrP and 14 C-P tracers) into an alcohol phase. Small corrections (Ͻ10%), based on separation of FAs and esterified FA standards, were used to correct for incomplete partitioning of tracer as described previously (12) . For determining hexose tracer concentrations, plasma samples were deproteinized immediately in 2.75% ZnSO 4 and saturated Ba(OH 2 ). An aliquot of the supernatant was used to determine 3 H and 14 C activities (13) . Determination of tissue tracer content. Tissue samples from rats that were administered FA tracers were homogenized in chloroform:methanol (2:1). An aliquot of the homogenate was taken to determine the total 3 H-R-BrP activity, and the remaining tissue extract was spun at 3,500g for 15 min. The resultant supernatant was separated into aqueous and organic phases by the addition of 1 ml of distilled water and an additional 10-min spin at 3,500g. Tissue samples from rats that received an injection of hexose tracers were extracted to determine glucose uptake (from 3 H-2DG) and glycogen synthesis (from 14 C-glucose) by the method as previously published (14) . Activities of 3 H and 14 C in appropriate plasma and tissue fractions were measured by a liquid-scintillation counter (Beckman Instruments, Fullerton, CA) using a dual-label protocol. Calculation of muscle glucose and FA uptake/storage. A tissue clearance rate for each of the four tracers was calculated from the tissue content and plasma profile of radiolabeled substrate as previously described for glucose (13) and FAs (12) . An index of the rate of substrate uptake was then calculated from the clearance estimate and circulating substrate concentration. For the nonmetabolizable tracers phospho-3 H-2DG and 3 H-R-BrP, total radiolabeled content in the tissue was used in the calculations. These tracers yielded indexes of total glucose uptake and total FA uptake, respectively. The metabolizable tracers 14 C-glucose and 14 C-palmitate were used to estimate the rate of glycogen synthesis and the rate of FA incorporation into lipid storage products (glyceride and phospholipids), respectively. For the glycogen synthesis calculations, only radiolabel specifically incorporated into glycogen was used (14) . In the case of palmitate tracer, only the label found in the organic phase was used in calculations (15) . From these results, the ratio of storage to total uptake was also calculated as an index on the intracellular partitioning of FAs.
The rates of FA uptake derived from the FA analog 3 H-R-BrP are proportional to the uptake rates of circulating FA (12) , but the constant of proportionality (lumped constant, LC*) is not unity. The results presented here have been corrected using previously determined values of LC* (16). Similar considerations can apply to the glucose analog 2DG in some tissues.
However, no correction was applied here because the value for LC* in muscle is close to 1 (13) . The values of glucose uptake determined with the shorter protocol in the present study were compared with those determined with our usual 45-min protocol (13) in a separate experiment using 3 H-and 14 C-labeled 2DG. There was a highly significant correlation (r ϭ 0.91, P Ͻ 0.001) between these two protocols across a wide range of tissues, including red and white muscles (data not shown). Biochemical measurements. Plasma glucose and lactate were measured with a Yellow Springs glucose analyzer (YSI 2300, Yellow Springs, OH). Plasma FAs were determined spectrophotometrically with an acyl-CoA oxidase-based colorimetric kit (NEFA-C; WAKO Pure Chemical Industries, Osaka, Japan). Plasma insulin was measured by radioimmunoassay using a commercial kit (Linco, St. Louis, MO). AMPK activity in tissues was assayed in a buffer that contained 40 mmol/l HEPES (pH 7.0), 200 mol/l AMP, 200 mol/l ATP, 80 mmol/l NaCl, 8% glycerol, 0.8 mmol/l NaCl, 0.8 mmol/l dithiothreitol, and 200 mol/l [␥-
32 P]ATP for 20 min at 37°C (17) . The AMPK-specific AMARA peptide (18) (Auspep, Victoria, Australia) was used as a substrate. Muscle long-chain acyl-CoAs (LCACoAs) were extracted from 50 mg of tissue sample and determined by the method of Antinozzi et al. (19) . Acyl-CoA synthetase activity in muscle was determined by measuring 14 Cpalmitate incorporation into palmitoyl-CoA as previously described (20) . Tissue content of triglycerides and glycogen was measured as previously described (20, 21) . Tissue ZMP was extracted from 20 mg of tissue sample, and its accumulation was determined by high-performance liquid chromatography (HPLC). The method was identical to that of Ye et al. (22) , except that the mobile phase had 10% acetonitrile instead of 5% and the column used for the separation was Atlantis dC18 3 m, 4.6 ϫ 150 mm (Waters, Milford, MA). Statistical analysis. Results are presented as mean Ϯ SE. One-way ANOVA followed by post hoc (Fisher's protected least significant difference) tests or a t test were used to assess statistical significance between groups. P Յ 0.05 was regarded as statistically significant.
RESULTS
Body weight (controls, 390 Ϯ 4; AICAR-treated, 394 Ϯ 5 g), plasma glucose, insulin, FAs, and lactate values were similar in rats that received either lipid or glucose tracers. Pooled data are shown in Fig. 1 . AICAR injection caused an ϳ25% decrease in plasma glucose from 20 min onward. This was accompanied by a progressive reduction in plasma insulin (by ϳ60%). AICAR also induced a transient decrease in plasma FAs (by ϳ30%) at 10 and 20 min, but this parameter returned to levels similar to the control group after 30 min. In the AICAR-treated group, there was a moderate elevation in plasma lactate, but only toward the end of the experiment. Figure 2 shows the effect of AICAR on AMPK activity in muscle. At the dose of AICAR given (250 mg/kg, subcutaneously), there was no detectable difference in AMPK activity in red quadriceps muscle between control and AICAR-treated groups at the time when tissues were collected. In contrast, AICAR increased AMPK activity by ϳ80% in white quadriceps muscle.
In the basal state, glucose uptake was approximately four times higher in red quadriceps compared with white quadriceps (Fig. 3) . AICAR-induced changes in glucose and FA uptake into red and white quadriceps followed the patterns of altered AMPK activity. AICAR did not significantly affect glucose uptake in red quadriceps, whereas in white quadriceps, AICAR increased glucose uptake by fivefold, reaching a level equivalent to that in red quadriceps muscle of control rats. Similarly, in red quadriceps, there was no significant difference in FA uptake between control and AICAR-treated rats, whereas this parameter was increased by 2.4-fold in white quadriceps after AICAR treatment.
In red quadriceps, glycogen synthesis was not statistically different between control and AICAR-treated groups (Fig. 4) . However, glycogen synthesis was increased by sixfold in white quadriceps after AICAR treatment. Nevertheless, there was no detectable difference in glycogen mass in either red or white muscle after AICAR, compared with respective controls. There was a small increase in FA storage in red quadriceps as indicated by 14 C-palmitate content and FA storage-to-uptake ratio (Table 1) , indicating preferential partitioning of FAs toward storage. In white quadriceps, FA storage from 14 C-palmitate was not significantly altered in AICAR-treated rats, but there was a 40% decrease in FA storage-to-uptake ratio (Table 1) , indicating increased catabolism of FAs. Although triglyceride content was only slightly decreased in red quadriceps by AICAR, LCACoA content was increased in both red (by 52%) and white (by 76%) muscles in AICAR-treated rats.
Because LCACoA content was increased in both red and white quadriceps, we measured the activity of acyl-CoA synthetase (ACS), a key enzyme that catalyzes the forma-
FIG. 1. Effects of AICAR on plasma levels of glucose, insulin, FAs, and lactate. AICAR (F) was injected subcutaneously immediately after the blood sample taken at 0 min, with normal saline used as control (E).
Data from two sets of experiments were pooled together (n ‫؍‬ 14/ group). *P < 0.05, **P < 0.01 vs. control.
FIG. 2. Effects of AICAR on AMPK activity in red and white muscles.
The enzyme activity was determined from muscle samples that were freeze clamped 46 min after AICAR administration (f). **P < 0.01 vs. control (Ⅺ; n ‫؍‬ 6/group). tion of LCACoAs from FAs. Consistent with the higher content of LCACoAs, ACS activity was five times higher in red quadriceps than in white quadriceps (P Ͻ 0.01). However, neither red nor white quadriceps of the AICARtreated group showed any significant difference in ACS activity compared with the control group ( Table 1) .
In the AICAIR-treated rats, ZMP levels were 0.135 Ϯ 0.008 mol/g in red quadriceps and 0.062 Ϯ 0.008 mol/g in white quadriceps. ZMP was not detected in muscles from the HF control group.
DISCUSSION
The present study is the first demonstration that administration of AICAR to insulin-resistant HF rats simultaneously increases glucose and FA uptake into skeletal muscle in close association with activation of AMPK. These effects occurred preferentially in white muscle and were consistent with the previously described improvement of insulin sensitivity in white muscle 24 h after AICAR treatment (8) . Contrary to our initial speculation, there was no higher FA uptake in red muscle to balance the lack of AICAR effect on glucose uptake in this muscle type.
It is known that fluxes of glucose and FA into muscle are increased from the circulation during exercise (1, 23, 24) . Recent studies have revealed an important role of AMPK in exercise-induced changes in fuel metabolism (1, 2) . However, many other factors are also important metabolic regulators in contracting muscle (7), such as decreased energy storage (ATP and creatine phosphate content) (25) , increases in metabolic rate, muscle blood flow, and plasma levels of catecholamines and interleukin-6 (26). Because AICAR activates AMPK without altering cell energy status (6, 27) and AICAR-stimulated effects are independent of catecholamines (Iglesias et al., unpublished observations), our findings demonstrate that activation of AMPK is able to mediate profound simultaneous increases in glucose and FA uptake in white muscle. It is interesting that these effects occurred even though plasma insulin levels were substantially decreased, supporting the view that insulin is not a mediator for these changes (27) .
It is of interest that activation of AMPK with AICAR in resting white quadriceps muscle of HF rats increases its FA uptake concomitantly with a substantial increase in glucose uptake, both fuel fluxes occurring in the absence of an increased energy demand, such as would occur during exercise. That both glucose and FA uptake were simultaneously increased by AICAR suggests that AMPKmediated glucose and lipid metabolism in muscle are regulated beyond any substrate competition effects such as the Randle cycle (28). It is now clear that activation of the AMPK pathway in muscle with AICAR increases glucose uptake via GLUT4 translocation (5, 29) , and this mechanism is at least partially responsible for the uptake of glucose during muscle contraction (7, 29) . Although activation of AMPK with AICAR may have direct effects on glycogen synthase and phosphorylase to inhibit glycogen synthesis (9) , the substantial increase in glucose uptake without a demand for an increase in glucose oxidation may have overcome these effects, enhancing its storage by increasing glycogen synthesis (30) .
During muscle contraction (31) or AICAR stimulation (6), activated AMPK mediates a reduction in malonyl-CoA via acetyl-CoA carboxylase and malonyl-CoA decarboxylase. Reduced malonyl-CoA in turn diminishes the inhibition of carnitine palmitoyltransferase-1 by malonyl-CoA and enhances the entry of LCACoAs into mitochondria for oxidation. This mechanism may underlie the increased FA catabolism in white muscle (as indicated by a decrease in FA storage-to-uptake ratio) in the present study. However, this mechanism alone would be predicted likely to result in a decrease in muscle LCACoA content. In the present study, white muscle LCACoA content was increased, suggesting that the metabolic pathway upstream of LCACoA formation may also be involved in AICAR stimulation of FA uptake. In an attempt to investigate this possibility, we examined the activity of ACS, the enzyme that catalyzes LCACoA synthesis. As the activity of this enzyme was not altered, ACS is probably not involved in AMPK-mediated FA uptake. A recent study showed that during muscle contraction, the increase in FA uptake in myocytes is associated with translocation of the FA transporter FAT/ CD36 from the cytosol to the plasma membrane (32) . It is possible that it also may be involved in increases in FA uptake and LCACoA content in muscle when AMPK is activated by AICAR, but further studies are required to investigate this possibility.
Another interesting finding in the present study is that AICAR increased AMPK activity preferentially in white muscle and that this was associated with substantially suppressed plasma glucose and FA levels. In the rat, 70% of muscle is composed of the IIb fiber type, the main component of white muscle (33) . Therefore, the AMPKmediated metabolic response in white skeletal muscle after AICAR administration would have an important influence on whole-body glucose and lipid homeostasis. This is consistent with our previous finding showing preferential enhancement of insulin action in white muscle and the whole body after AICAR administration (8) .
The present study demonstrates that despite showing a Data are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01 vs. control (n Ն 6/group).
greater accumulation of ZMP, AMPK activity in red muscle is less sensitive to AICAR stimulation than in white muscle, as previously reported (34 -36) . The reason for this is not clear, but it seems to be a specific phenomenon in response to AICAR. AICAR and hypoxia have been shown to activate GLUT4 translocation by activation of ␣-2 AMPK in muscle (7, 37) . It is possible that the greater oxidative capacity of red muscle is a factor in the lower sensitivity of AMPK to hypoxia or AICAR compared with white muscle. Alternatively, it might be related to a different level of expression of regulatory subunits of AMPK in white versus red muscle. For example, there is a fivefold greater expression of the ␥-3 subunit in white muscle compared with red (38) . Irrespective of the mechanisms for this difference, activation of AMPK has been shown to increase both glucose uptake and lipid oxidation in both red and white muscle after other stimuli such as exercise (39) , leptin (40) , and adiponectin (41) . Nevertheless, although responses may be blunted, there seem to be some AMPK-related effects occurring in red muscle after AICAR. We found altered intramuscular lipid metabolism in red muscle, including increased LCACoA content, rate of FA storage, and decreased triglyceride content. It is not clear whether these changes are secondary to altered systemic lipids and thus not a direct tissue response to AICAR or are due to activation of AMPK at an earlier time point or to non-AMPK-related effects of AICAR (42) . We cannot completely exclude nonspecific effects of AICAR, but that AICAR has no effect on muscle glucose transport in mutant mice with chronic inactivation of AMPK argues against significant nonspecific effects in muscle (43) . It is probable that with a higher dose of AICAR, significant AMPK activation would be seen; in normal rats, glucose uptake was increased in red muscle along with significant AMPK activation when AICAR was administered intravenously at a dose approximately fourfold that injected subcutaneously in the present study (27) . The factors that influence effects of AICAR on red muscle under different conditions need to be investigated further. In summary, the present study shows that AICAR causes acute enhancement of both glucose and FA uptake in muscle of insulin-resistant HF rats in vivo. These effects principally occur in white rather than red muscle, consistent with the relative degree of activation of AMPK. Preferential acute effects of AICAR on metabolism in white muscle are also consistent with a subsequent preferential enhancement of insulin sensitivity in this type of muscle occurring beyond the duration of AMPK activation (8) . Taking our two studies together, it seems that a greater enhancement of insulin sensitivity in white muscle after AICAR administration is related to mechanisms other than a lesser acute AMPK-induced increment in systemic FA uptake (and lesser tendency to accumulate cytosolic lipids). Other possible mechanisms will need to be investigated.
